Abstract: Current topics in combustion chemistry include aspects of a changing fuel spectrum with a focus on reducing emissions and increasing efficiency. This article is intended to provide an overview of selected recent work in combustion chemistry, especially addressing reaction pathways from fuel decomposition to emissions. The role of the molecular fuel structure will be emphasized for the formation of certain regulated and unregulated species from individual fuels and their mixtures, exemplarily including fuel compounds such as alkanes, alkenes, ethers, alcohols, ketones, esters, and furan derivatives. Depending on the combustion conditions, different temperature regimes are important and can lead to different reaction classes. Laboratory reactors and flames are prime sources and targets from which such detailed chemical information can be obtained and verified with a number of advanced diagnostic techniques, often supported by theoretical work and simulation with combustion models developed to transfer relevant details of chemical mechanisms into practical applications. Regarding the need for cleaner combustion processes, some related background and perspectives will be provided regarding the context for future chemistry research in combustion energy science.
Introduction
Please allow me to start with an anecdote. Some 10 years ago, on a flight from Frankfurt to San Francisco, my seat neighbor talked to me about his job in solar energy research and development. When asked about my own profession, I revealed to work in combustion science, he claimed: "Well, that science will probably die out with you!" -to which I could only answer that my peers might still be around until his results could make our plane fly 300+ passengers transatlantic with solar energy. Ten years later, the scales between solar and combustion energy have not changed regarding mass air transportation, and they are not likely to do so within decades to come, because of the well-known energy density or range advantage of liquid energy carriers. Of course, this comparison is unrealistic, with solar energy better suited for stationary power generation than for direct aircraft propulsion. However, solar energy and hydrocarbon fuel combustion may be combined by using (surplus) sustainable electric power such as from solar and wind energy to synthesize liquid chemicals such as transportation fuels in power-to-liquid approaches [1] [2] [3] that may serve to integrate energy storage and chemical production.
Internal combustion (IC) engines for road transportation may appear challenged after several countries have announced to ban their production or sales in the future, partly as a reaction to emission scandals, and partly because solutions such as electric propulsion are more easily adopted for ground than for air transport. Nevertheless, as shown in Fig. 1 , range density (in km/L) and specific range (in km/kg) of conventional liquid fuels such as diesel and gasoline are still hard to match [4] , neither by biofuels such as ethanol or isobutanol, nor by fuels that are gaseous at ambient conditions including natural gas and hydrogen, nor by current battery technology.
Against the background of a changing energy portfolio and a potential "mobility revolution" with probable shifts towards more electrification, shared mobility concepts, and autonomous driving [5] , it is instructive to consider extrapolations to the future from the current status for transportation as, for example, given in Ref. [5] . Transport (air, sea, and ground) currently consumes about 20 % of global primary energy. An "evolving transition" scenario [5] without disruptive changes assumes more than duplicated transportation demand until 2040 as a result of growing prosperity in emerging economies, with a less steep increase in energy consumption for this purpose by "only" 25 % due to increased efficiency. Fuel demand in the transport sector is expected to remain dominated by oil, but from 94 % today, the oil-based fuel share may decrease to about 85 % by 2040, with the remaining 15 % including natural gas, electricity, and other fuels such as biofuels and hydrogen [5] . Passenger car numbers might nearly double to about 2 billion by 2040, with an assumed share of 300 million electric cars including battery-electric vehicles and plug-in hybrids [5] , and the remaining more than a billion assumed as powered by internal combustion engines. Indeed, consumer demand for cars has been increasing in countries with large populations such as China and India, as seen in Table 1 that reports the number of vehicles per 1000 people in selected areas of the world over the decade of Table 1 : Vehicles per thousand people for selected areas, adapted from Table 3 .5 in Ref. [6] . For methodology and data sources, see the original publication. 2005-2015 [6] . Absolute numbers in China and India may seem low in comparison with the near-saturated situation in Western Europe and the USA. However, should more than a billion consumers in Asia adopt similar habits to those established in more industrialized regions, especially when using existing technology, the impact on carbon dioxide emission and regional air quality would be enormous. Main challenges associated with combustion systems are their current dependence on fossil energy sources and their emissions, including carbon dioxide (CO 2 ) and commonly regulated pollutants such as carbon monoxide (CO), nitrogen oxides (NO x ), unburnt hydrocarbon species (HC), and particulate matter (PM) or soot. Numerous studies have addressed their importance related to current and future energy scenarios and their effects on climate, environment, air quality, and human health [7] [8] [9] . Although carbon dioxide has been the main focus of climate change concerns with respect to combustion processes, the highly important role of soot emissions has been recognized [10] . Understanding and monitoring sources and effects of particulate emissions is especially valuable in severely affected regions, as, for example, in China [11] . Energy efficiency is of key importance to reduce CO 2 emissions, and cleaner engine strategies such as low-temperature combustion (LTC) approaches are being developed [12] to alleviate the burden from NO x and particulate emissions.
Area (Year
Combustion science faces exciting times in view of the global situation and changing boundary conditions. New regulations or even disruptive political decisions are unlikely to lead, on a global scale, to a rapid end of the combustion engine, especially in view of the huge numbers of existing systems and current infrastructure. Increasing diversity of the fuel mix is already foreseeable for the future, with a variety of energy conversion concepts including combustion systems and fuel cells using different gaseous and liquid energy carriers [13] [14] [15] . Such different energy carriers may also influence the way to provide electricity for batteries, for which some pertinent challenges must be addressed regarding their energy density, lifetime, charging infrastructure, and recycling. Hybrid propulsion concepts may continue to include battery-combustion systems or might involve battery-fuel cell combinations that should be as suited for automated driving in non-linear (e.g. stop-and-go) situations as for long-distance range [16] . Combustion science and engineering will have to play an important but changing role as an integrative part of a future energy, mobility, and industrial production scenario using machines adapted to the necessary but different power, temperature, and pressure requirements, including combustion devices such as gas turbines, industry burners, and advanced engines.
Fuel-specific reactivity, combustion models, and validation
A diverse fuel spectrum from various sources and feedstocks in combination with new engine concepts to enhance performance while reducing emissions -this challenging research and application direction goes along with an increasing demand for combustion chemistry information. Multiple data are required and include characteristics of the ignition and extinction behavior in addition to numerous physico-chemical properties as, for example, enthalpies, heat capacities, density, and viscosity. Conventional fuels such as gasoline, diesel, and kerosene are composed of hundreds of hydrocarbon species. Their components as well as those of synthetic alternatives may feature 4-20 carbon atoms and different (e.g. linear or branched) molecular structures, depending on the specific oil distillate or e.g. Fischer-Tropsch synthesis product for the intended purpose [17, 18] . It is not sufficient to consider a global oxidation reaction of the form: fuel + oxygen → carbon dioxide + water to describe and predict the specific reaction sequences and the nature and amount of potential pollutants. Many aspects of the formation reactions of NO x [19, 20] , polycyclic aromatic hydrocarbons (PAHs) as typical soot precursors [21] [22] [23] [24] , and soot [21] [22] [23] [25] [26] [27] from conventional fuels that can be considered as established today, are based on decades of research, but even these reaction mechanisms still involve challenges.
Reliable mechanisms for the combustion reactions -the release of the chemical energy stored in the fuel -should be able to predict the combustion behavior of realistic fuels under practical conditions with sufficient accuracy for design, optimization, and control. Models that represent the combustion reactions of multi-component, conventional hydrocarbon fuels are becoming increasingly available [28] [29] [30] [31] [32] . They may rely on surrogate mixtures [30, [32] [33] [34] [35] with a few compounds representative of important fuel characteristics to keep the computational effort manageable. For example, the detailed chemical mechanism for C 7 -C 20 2-methylalkanes in Ref. [18] already features about 7000 species and 31 400 reactions. A recent hybrid ("HyChem") modeling strategy by Xu et al. [31] is illustrated in Fig. 2 . Their approach to the hightemperature combustion of realistic fuels addresses pyrolysis and oxidative reactions separately. They deal with the pyrolysis chemistry that determines the early fuel decomposition reactions by several lumped steps (i.e. not resolved on an elementary reaction basis) that describe the formation of the most important pyrolysis intermediates. These are treated so that the behavior is in agreement with experimental data, assuming that most conventional hydrocarbon fuels will form a few similar, important pyrolysis intermediates such as hydrogen, methane, ethene, propene, butenes, benzene, and toluene that can be quite accurately measured in dedicated experiments [31] . Then, the oxidation reactions of the pyrolysis products including decisive reactive radicals are considered in detail, relying on the similar chemistry for different fuel components that are represented in typical mechanisms of so-called foundational fuels.
Designing high-performance fuels for advanced engines demands reliable information on their ignition properties that are sensitively influenced by the fuel's molecular structure [36] . The fuel-specific reactivity as a function of temperature, pressure, and stoichiometry is also a factor in adverse, efficiency-limiting effects such as engine knock [28] . The initial fuel-specific destruction reactions significantly affect the further reaction pathways and thus the composition of the reactive mixture with its hundreds of intermediate species that are formed during the reaction progress towards its final products. Consequentially, pollutant-forming reactions that depend sensitively on the species composition along the reaction pathway can be highly fuelstructure-dependent. The large variety of potential biofuels adds to the molecular diversity. Biomass-derived oxygenated fuels, used as additives or neat biofuels, can exhibit different reactivity and can lead to different pollutant composition, especially within the HC fraction. The nature and position of the respective oxygencontaining functional group in such fuel molecules as alcohols, esters, (cyclic) ethers, aldehydes, ketones, and hetero-aromatic compounds can contribute to the formation of a non-negligible amount of fuel-specific, in part harmful or toxic carbonyl species [37] [38] [39] . Mechanisms that can predict ignition behavior and potential exhaust components must be suitably optimized [34] so that they can be incorporated into more comprehensive engine models with the aim to describe the entire combustion process from the fuel delivery to the exhaust [40] . Special challenges originate from the interaction of the chemistry with the turbulent flow field [41] and other difficulties, including high pressures and multi-phase environments that demand intensified research [42] . Reliable models of predictive quality are thus useful as a link between the molecular fuel structure and the behavior of these fuel components in a real engine.
The difference in reactivity of important fuel classes discussed above can be seen in Fig. 3 that displays the computed ignition delay time as a function of experimental values of the research octane number (RON) [32] .
Rather than using individual fuel models, the authors rely on a multi-fuel kinetic mechanism "with the eventual goal to include every chemical component that is present in a practical fuel that has a large enough fractional concentration to influence the overall performance of that fuel in a practical engine" [32] . Their computational approach is based upon two experimental engine cycles that were then modeled for each fuel along the entire pressure-time history, including both low-and high-temperature reactions. As seen in Fig. 3 , the reactivity reflected in the fuels' ignition delay time varies in a consistent way with their octane numbers, and the computed values using the new approach agree well with the black calibration curve obtained for the primary reference fuel (PRF) components n-heptane and iso-octane [32] . The diagram includes numerous aromatics and thus extends the typical PRF range to high octane numbers. It is highly advantageous to use such a fundamental kinetic approach rather than engineering procedures based on single parameters such as octane numbers, as also discussed by Zhang et al. [43] in their recent study of the anti-knock tendency of substituted phenols as additives. They predicted the additives' behavior from a chemical reaction mechanism generated for these fuel blends with about 1500 species and 27 500 reactions and underline the superiority of this approach with the argument that fuels with identical octane numbers could show distinctly different ignition kinetics in modern engines [43] .
While chemical reaction mechanisms predicting combustion behavior and exhaust composition, especially regarding non-regulated species-specific contributions to the HC fraction, are in a reasonable state of development for conventional petroleum-based hydrocarbon fuels [28] [29] [30] [31] [32] and their application in conventional engines, advanced engine concepts using low-temperature reactions [44] [45] [46] [47] and biofuels or biofuel-hydrocarbon mixtures [38, 40, [48] [49] [50] [51] [52] [53] add chemical complexity. Further chemical problems related to the respective fuel-engine system can be mentioned only in passing here, namely concepts for highly efficient exhaust gas after treatment [54] [55] [56] . As for the combustion process itself, the complex gas-phase and heterogeneous reactions involved in catalytic reduction and/or oxidation of combustion engine exhaust species depend on a large number of physico-chemical and engineering parameters, and development and improvement must rely again on fundamental understanding of the reaction mechanisms as a function of the conditions.
To examine the developed models with respect to their suitability, in short, to "validate" their performance, measurements are needed that can critically inspect and assess the reaction processes from the lab scale to the engine. Under practically relevant conditions, optical methods, often employing lasers, are advantageous since they can measure certain crucial quantities related to, e.g. mixture formation, heat release, and emissions [57] [58] [59] . Numerous techniques exist that can be used individually or in combination. With respect to the detailed chemical reaction behavior, however, it is often highly useful to decouple aspects of the harsher conditions of the application, such as turbulent flow, flame-wall interactions, high pressure, presence of more than one phase including droplets, sprays, and particles, from the fuel-specific chemistry in question. Chemical combustion research under laminar conditions in shock tubes, rapid compression machines (RCMs), flames, and plug flow reactors (PFRs), as well as in jet-stirred reactors (JSRs) can cover key aspects of the combustion process, including more global parameters such as laminar flame speed and ignition delay times, or a more detailed set of species concentrations, often as a function of reaction progress [60] [61] [62] . Recent examples of such detailed diagnostics are devoted to some of the most complex chemical problems in combustion regarding the detection of many fuel-specific labile species in the low-temperature regime [46, [63] [64] [65] as well as the formation of emergent to mature soot particles and their high-molecular-weight precursors [66] [67] [68] [69] [70] .
Comprehensive model validation strategies make use of many available experimental data obtained under different reaction conditions [71, 72] . The example in Fig. 4 demonstrates the situation for toluene pyrolysis and oxidation [72] ; toluene as an alkylated aromatic reference species can represent the behavior of such components in surrogate mixtures for realistic fuels. With RON = 120, toluene can be found in the extended range for alkylated aromatics discussed in Fig. 3 . The three-dimensional diagram in Fig. 4a provides the existing experimental data as a function of the most relevant quantities temperature, pressure, and equivalence ratio φ, a measure of the stoichiometry of the fuel-air mixture. In the given parameter space, it is evident that typical experimental set-ups each cover only certain ranges of practical interest, and that especially below about 1000 K, in the important LTC regime, experimental data is unavailable, as particularly evident in Fig. 4b . It is thus not surprising that existing models, considering this lack of experimental validation targets, are found to exhibit large differences and uncertainties in this range, with about two orders of magnitude discrepancies in the prediction of toluene ignition delay time at 20 bar and 800 K [72] . Such comprehensive analyses can guide both experimental and theoretical developments aiming at a better understanding of the low-temperature reactions of this important class of fuel components.
Examples: understanding fuel-specific chemistry
The demand for deeper understanding of the performance of real-world combustion applications, including important aspects such as their ignition and emission behavior, has motivated a large number of recent investigations, combining efforts of theoretical chemists, experimentalists, modelers, and engineers. The systematic development and validation of fundamental, detailed combustion kinetics is progressing from the C 0 -C 4 range of fuels towards larger hydrocarbons and oxygenates, striving for correct representation of single rate expressions on the one side [72, 73] and inclusive, large reaction mechanisms on the other [17, 31, 32, 35, 47, 48] . Specific effort has been devoted recently to hydrocarbon and oxygenated C 5 fuels such as pentanes [74] [75] [76] [77] [78] [79] , pentenes [77, [79] [80] [81] [82] , pentanols [83, 84] , and pentanones [85] [86] [87] . Fuels that may be accessible from cellulosic biomass including higher alcohols [48, 88] and furan derivatives [40, 89] have been studied because of their attractive combustion-related properties, energy content, and favorable particulate emission reductions. Because of the importance of the ester functional group in biodiesel, molecular-structuredependent combustion reactions of small methyl and ethyl esters are the subject of intense recent research [90] [91] [92] [93] [94] [95] , similar to those of compounds such as ethyl levulinate that may be derived from cellulosic biomass [96] . The large variety of oxygenated fuels with different molecular sizes and structures demands careful consideration -among other relevant properties -of energy density (suggesting larger fuel molecules with low oxygen content) and low emissions of potentially harmful or toxic oxygenated compounds (suggesting structurally simple, typically smaller fuel molecules). Further aspects to be considered should include the sustainable and energy-efficient production of the respective fuels in addition to their performance in practical combustion systems.
Ether fuels
A particularly interesting class of oxygenated fuels, for which detailed combustion mechanisms exist or are being developed with emphasis on the low-temperature regime, includes ethers such as dimethyl ether (DME) [71, 97] , diethyl ether (DEE) [98] [99] [100] , and di-n-butylether (DBE) [101] [102] [103] . In hydrocarbon-oxygenate mixtures these are typically attractive, also compared to their alcohol isomers [50, 51] with respect to their lower soot precursor formation tendencies. Comparisons among DME, DEE, and DBE under similar flame conditions [103] show that the presence of only C 1 and/or C 2 moieties in the fuel molecule lowers the formation tendency of C 3 -C 6 compounds, thus contributing to a reduction of soot precursor concentrations.
Especially oligomeric oxymethylene ethers (OMEs) [104] [105] [106] [107] receive large interest as potentially clean fuels. They constitute a group of compounds that feature only C 1 carbon blocks joined by ether functional groups with the general formula of CH 3 O(CH 2 O) n CH 3 . For practical purposes, members of this family in the range n = 1-5 are suggested, of which mainly the representatives with n = 1, called OME 1 , dimethoxymethane (DMM), or methylal, [52, [108] [109] [110] , and OME 3 with n = 3 [111] have been studied with regard to their combustion properties and mechanisms. DME can be regarded as a compound with n = 0 in this series. These compounds are being discussed as potential additives or diesel replacement fuels and can be produced from different fossil and biogenic feedstocks. Their synthesis and physico-chemical properties [104] as well as their combustion behavior in singlecylinder research engines have been recently examined [105, 107] , including also a lifecycle assessment for their production from different woody biomass sources [106] . Attempts to understand their attractive combustion properties that may lead to large reductions in soot while avoiding increasing NO x emissions [105, 107] have only started very recently. The example of OMEs is therefore well suited to illustrate the combined advances that can be expected from theory, model development, laboratory experiments, and engine measurements.
The initial destruction of the fuel molecule occurs typically by H-abstraction reactions to form fuel radicals that then react further by oxygen addition or β-scission reactions. Chain-branching reactions are an important factor for temperature-dependent reactivity [108, 109] . Branching ratios between different reaction channels, e.g. those determining the partition between different early isomeric intermediates, and the further competing reactions of these early products as a function of temperature, pressure, and stoichiometry are instrumental for the subsequent reaction pathways. It is thus important for the development of chemical reaction models to predict these first steps correctly.
Kopp et al. [110] have recently stressed that much of the earlier mechanisms for OME combustion have included kinetics derived by analogy from DME or DEE oxidation. The molecular structure of DME and DEE, however, contains neither the O-CH 2 -O group characteristic of the OME structure, nor the O-(CH-O)-O sequence formed in intermediates of OME oxidation; the authors have therefore addressed their influence in the reaction pathways for OMEs. Since such structures are labile and not easily investigated experimentally, Kopp et al. [110] have determined important thermochemical quantities such as enthalpies, entropies, and heat capacities as well as crucial rate coefficients for these reactions using high-level computational methods. Figure 5 shows, as one result from their study, the potential energy surface for important DMM reactions [110] . The fuel molecule (middle) is seen to form two fuel radicals, namely by H-abstraction from the two terminal CH 3 groups (R1, shown left), and from the central carbon (R3, right). Entropic and bond energy effects both influence the branching ratio. The fuel radicals will not isomerize because of the large energy barrier that separates them but will undergo oxygen addition and β-scission reactions. The diagram shows, in addition to the formation of several highly oxygenated ROO intermediates, the easy access to formaldehyde, CH 2 O (via R1 and the related transition state TS) and methyl radical, CH 3 (via R3, TS) [110] .
These results are now available for improving the fundamental basis for more accurate and reliable kinetic model development [110] . Vermeire et al. [109] and Sun et al. [108] have recently studied the lowtemperature reaction pathways during DMM oxidation experimentally. Both investigations have been conducted in jet-stirred reactors and have provided temperature-dependent species profiles determined with combinations of advanced analytic methods; Sun et al. [108] have also varied the pressure. In contrast to DME (OME 0 ), DMM (OME 1 ) was not seen to exhibit a similarly significant low-temperature reactivity. Sun et al. [108] discuss this behavior that depends also on the chosen equivalence ratio in terms of the branching ratio and competition of the oxidation and scission reactions of the dominant fuel radical. Their newly developed model that does, however, not yet include the contributions of Kopp et al. [110] , represents their own experimental results and the slightly earlier ones from Vermeire et al. [109] quite well. Since also the latter study [109] offers a new model that includes newly calculated potential energy surfaces and kinetic coefficients for a number of low-temperature reactions, especially of important radicals, and finds the model in reasonable agreement with their experiments, it is evident that within only about a half year between these three publications, substantial progress has been made in model development that can explain the reactivity and most of the observed intermediates. Figure 6 shows a rate of production analysis for DMM oxidation performed with the model of Ref. [109] at two different conditions. The formation of the two fuel radicals discussed earlier is seen to depend on the conditions; the dominant pathway here proceeds through the H-abstraction at the central carbon, with subsequent scission to yield methyl and methyl formate. Due to a low barrier this reaction proceeds fast, and the initially dominant radical has a too short lifetime for the competing oxygen addition, thus not supporting the chain branching reactions needed to enhance the reactivity [109] . Methyl formate is not consumed significantly further under these conditions and has also been observed as a product in premixed DMM-doped n-heptane flames [52] . Omari et al. [107] have recently investigated the addition of OME 1 (DMM) to regular diesel fuel in the range of 0-80 % in a single-cylinder research engine. To identify the optimal blending ratio, they have considered different load points (LP) at pre-defined NO x emissions and determined the soot reduction potential with increasing OME 1 addition (given as OME 1 content in vol%) while monitoring important fuel blend properties. The results for two operating points (LP3 and LP4), with different set NO x levels, are presented in Fig. 7 that shows the particulate matter (PM) and the cetane number (CN) as a function of heating value, oxygen content, and OME 1 fraction [107] . Up to about 40 % OME 1 content in diesel leads to high PM reduction, but higher OME 1 content affects the heating value and cetane number without much further effect on PM emissions. Considering reasonable limits in CN and heating value, a blend with 35 % OME 1 in diesel fuel was selected which can achieve a soot reduction of ~90 % with only 10 % and 15 % decrease in CN and heating value, respectively [107] .
With the OME 1 blend, the unfavorable soot-NO x tradeoff problem -a severe limitation for achieving cleaner conventional diesel propulsion -could be avoided completely [107] . Härtl et al. [105] have reported similar observations. Several factors contribute to the favorable performance of diesel-OME 1 blends [105, 107] that are not a mere result of the oxygen content of the molecule, also compared to other oxygenates [105] . The chemical structure without C-C bonds effectively suppresses the typical build-up reactions towards soot precursors, PAHs, and eventually, soot, since compounds with high carbon content are not easily formed. Although with a CN of 24 [107] , OME 1 is not well suited as a pure fuel, it is well miscible with diesel fuel, and mixtures can tolerate a high level of exhaust gas recirculation needed for keeping appropriate NO x levels below e.g. Euro VI (EU6d) limits [105, 107] . OME 1 with its high volatility also supports fast evaporation and efficient mixing, leading to a more premixed character of the combustion that can contribute to avoiding high local temperatures that would lead to increased NO x formation [107] . Härtl et al. [105] also examined the HC composition upon OME 1 use in their research engine by FTIR spectrometry, with particular attention to formaldehyde and methane as easily formed intermediates in the fuel destruction reactions. CH 2 O levels were below their detection limit, while methane made up almost all of HC, depending on the respective stoichiometry [105] . Omari et al. [107] discuss potential future production of oxymethylene ethers from water and methanol obtained using CO 2 from carbon dioxide capture and sustainable H 2 . As an attractive fuel additive with superior emission and reasonable combustion characteristics, it might be one route to contribute to cleaner diesel-like propulsion concepts in the future. Partial diesel fuel replacement with OMEs could also serve to improve the carbon balance.
While progress is being made regarding promising fuels and chemical understanding of their design and use in advanced engines, many details of combustion mechanisms need further intense inspection, particularly under practically relevant conditions. Fundamental research in laboratory set-ups can contribute to such advances by providing experimental data for model validation in systems that have not been studied in depth previously. Two examples will be discussed to illustrate selected developments, the first devoted to interactive effects in fuel mixtures of hydrocarbon and oxygenated components, and the second to soot nucleation.
Hydrocarbon-oxygenate fuel blends
Interactive effects between the reactive intermediates formed from different fuel components can be of influence particularly in the LTC regime, where they affect ignition, and for the formation of soot precursors, PAHs, and soot, where the joint pool of reactive species might enhance certain reaction pathways that build up larger molecules and carbon structures. The comprehensive, recent article of Sarathy et al. [35] gives an overview of numerous combustion experiments and modeling activities for gasoline surrogates, including a few oxygenated additives, and focuses mainly on ignition delay times and laminar flame speeds. Detailed interactive effects on ignition delay times were, for example, reported by Burke et al. [112] for mixtures of the structurally simple fuels methane and DME, the former as the main component of natural gas and the latter as a biogenic substituent or fuel additive. Results were provided from shock tube and RCM experiments in the range of 600-1600 K and 7-41 bar relevant for gas turbine combustion conditions. Their analysis with a well-validated model for the two fuels shows that DME dominates the ignition characteristics in the mixtures, even if methane is the more abundant component: with even small amounts of DME, the formation of decisive radicals can occur already at lower temperatures, and as a function of temperature, chain-branching reactions and H-abstraction reactions contribute to increase the rate of methane combustion [112] .
Speciation information, i.e. extensive sets of quantitative intermediate species concentration profiles for a given fuel combination as a function of reaction time or temperature, provide even stricter conditions for the examination of reaction model performance than more global combustion parameters such as ignition delay times. Detailed investigations for combinations of hydrocarbon and biogenic fuel components have only recently found higher attention. Such detailed experimental speciation data for selected binary hydrocarbon-oxygenate mixtures have been reported from JSR studies, for example by Dagaut and Togbé [113] for mixtures of ethanol (as a biofuel that is in use today) and n-heptane (an automotive reference fuel) in the range of 500-1070 K at ~10 bar. The authors note that such investigations of the co-oxidation of hydrocarbons and ethanol were not performed before their study. Their experiment provided temperature-dependent mole fractions for major species and selected stable intermediates for different conditions and analyzed the reaction pathways with a combined model for both constituents. Not unexpectedly, increasing ethanol addition favored the formation of acetaldehyde that can contribute to harmful automobile emissions [113] .
Particularly valuable results can be obtained from the systematic variation of the fuel structure motives (e.g. saturation and branching degree) in studies of hydrocarbon-oxygenate fuel mixtures, as reported for the oxidation of hydrocarbon base fuels of different chain length, blended with ethers, alcohols, or esters [50] [51] [52] [53] 114] . Interactive effects have been observed in particular in the low-temperature reactivity for mixtures of n-pentane with DME or ethanol as reported by Jin et al. [51] . In their investigation in a laminar flow reactor, the authors have compared the temperature-dependent mole fraction profiles for a large number of species with two established literature models that can represent all three fuels. Figure 8 presents mole fraction maxima for selected oxygenated (left panels) and hydrocarbon (right panels) intermediates for five mixture conditions (lines). All profiles are normalized by the inlet mole fraction of n-pentane, so that all lines would fall on top of each other if there were no interactive effects (please note the logarithmic scale). The top row shows the experimental results from mass spectrometric analysis, presenting such interactive chemistry between the two fuel compounds especially for some of the oxygenated intermediates. Counteracting effects of DME versus ethanol addition to n-pentane under identical conditions are seen in some cases (e.g. for C 2 H 4 O 2 calibrated as acetic acid) that underline the influence of fuel-structure-specific reactions for the two oxygenated isomers. Striking differences are seen in Fig. 8 not only between experimental and modeling results, but also between the two used models by Bugler et al. [74, 75] (middle row) and Ranzi et al. [47] (bottom row), suggesting that the joint low-temperature oxidation chemistry of these three fuels should be carefully re-evaluated and may need improvement.
Soot nucleation
To address a partly unsolved question of eminent fundamental and practical importance, recent work is concerned with the nucleation of soot particles from their high-molecular precursors, the nature of which remains subject of theoretical approaches and, in part, chemical inspiration. Several developments contribute to this recent focus, namely the emission of very small particles in the range of a few nanometers by modern engines, changes of regulations to limit number density rather than mass that favors attention to high fractions of small particles, and the recent accessibility of very small carbon particles to detection with sophisticated in and ex situ methods [66-68, 115, 116] . Because of the adverse effects of soot emission, the combustion community strives to develop complete mechanisms that can describe the entire carbon growth process from the fuel-specific formation of gas-phase intermediates to the mature soot particle [117] [118] [119] [120] . Because of the thousands of species involved and the exponential growth of structural isomers with molecular size, such models typically include and connect different simulation approaches for the smaller molecular precursors, the formation of PAHs, and the nucleation and growth of particles. It is highly difficult to validate such models along the entire growth sequence. Figure 9 presents selected results from a recent study of Kholghy et al. [118] . They have predicted soot mole fractions in a so-called nucleation flame that was investigated experimentally by Desgroux et al. [121] using in situ laser-induced incandescence (LII), online jet-cooled laser-induced fluorescence (JCLIF) and ex situ secondary ion mass spectrometry (ToF-SIMS) to measure important PAH and soot particle concentrations. Kholghy et al. [118] consider not only reversible dimerization of PAHs of different sizes by van der Waals forces, as in earlier Reversible Nucleation (RN) models, but assume subsequent chemical bond formation in their Reversible Nucleation and PAH Chemical Bond Formation (RNCBF) model. By this approach, the authors [118] achieve a much better agreement with the experimental data than the RN model that predicts at least two orders of magnitude lower soot volume fractions (Fig. 9a) . The form of the predicted curve with the RNCBF model [118] also matches the experimental observations better than the Irreversible Nucleation (IN) approach [121] , as evident from Fig. 9b . Moreover, detailed comparisons with experimental PAH concentration profiles given in [118] show also acceptable performance of the employed base mechanism.
Although the results seem promising, several important questions remain. As one aspect, the predicted curve in Fig. 9b had to be shifted to match the experiment, while reasons for such assumed shifts are unclear. More importantly, however, potential limitations of detecting nanometer-sized incipient soot particles by LII are a subject of current debate [68, 115, 117] , awaiting further experimental corroboration and clarification of terminology and properties between nascent, or incipient, and mature soot. It remains to be demonstrated whether initial experiments using coherent femtosecond X-ray free-electron laser pulses, that from combined diffraction and mass spectrometric measurements could successfully demonstrate in situ analysis of the morphology and further characteristics of individual spark-generated sub-micrometer soot particles [122] will develop into a tool that could also be applied to detect and characterize nucleating soot in its flame environment. As the carbon structures just before particle nucleation are not amenable to current analytic methods, insight from theory regarding, for example, rate coefficients for important reactions involved in or following dimerization could prove useful. Since appreciable numbers of small soot particles can contribute to harmful emissions from both, modern diesel and gasoline engines [123] [124] [125] , in-depth fundamental understanding is urgently awaited.
Perspectives
Chemical issues with today's fuels, combustion engines, and their emissions induce discussions about clean transportation in the future. Guidance is needed but not easy considering various technical factors on the one hand, such as energy density and range (see Fig. 1 ), production processes, delivery, and infrastructure, and further factors such as consumer preferences, economic, and environmental concerns as well as legislative directions on the other.
Regarding existing technologies, Orsi et al. [14] have performed a multi-dimensional comparison of passenger vehicles with respect to their CO 2 emissions, petroleum consumption, and fuel cost. Among the various fuel and propulsion concepts considered, they found no clear winner with regard to these three parameters. Reduced CO 2 could potentially be achieved with biofuel addition and with electric vehicles (EVs) using low-carbon electricity, at increased costs, however. According to their evaluation, compressed natural gas is competitive economically and with respect to petroleum consumption, but not in terms of CO 2 emissions, while partial electrification in hybrids leads to opposite performance trends [14] . They conclude that a sudden transition away from gasoline and diesel fuels for passenger cars is unlikely, but identify hybrid electric vehicles (HEVs) as a short-term bridge technology towards more sustainable long-term solutions that may be regionally different [14] .
In their life-cycle analysis with a focus on efficient and clean vehicle solutions for China, Wang et al. [13] conclude that EVs as well as fuel cell vehicles (FCVs) powered with electrolysis-generated hydrogen will for some time into the future cause more environmental problems than vehicles using internal combustion engines as consequence of the coal-dominated electricity in China, and they advise that low-carbon electricity should be available before large-scale introduction of such EV and FCV propulsion concepts. While FCVs using natural gas reforming are less dependent on the present energy mix, their performance was not seen to be superior to that of modern combustion engines in their assessment considering well-to-wheels efficiency, energy consumption, carbon, and especially, associated particulate emissions [13] . It is instructive to look at the examples on the scale of potential transformations needed given in the recent perspective by Kalghatgi [126] , where he compares the estimated present fuel use per day of about 4.8 billion liters each of gasoline and diesel, plus 1.3 billion liters of jet fuel, representing a global need of transportation energy of about 105 TWh per day, with the global consumption of solar and wind energy of 1292 TWh in the entire year 2016. Although some strategies advocate battery electric vehicles (BEVs) to (partially) replace combustion engines, aspects to be considered include the already discussed need for lowcarbon electricity [13, 14] that is unlikely to be available in the necessary extent in many parts of the world for the next decades [126] . Apart from environmental and geopolitical issues regarding (current) batteries and the materials involved for their production [13, 126] , technical considerations include a (potentially unrealistic) high-capacity charging infrastructure, competitive charging duration, and charging patterns adapted to consumer needs that are not easily met with fluctuating energy sources without appropriate storage; also, the carbon signature of the battery production itself must be considered [126] . Alternatives including fuels such as liquid petroleum gas (LPG) or compressed natural gas (CNG) will not ultimately lead to carbon-free transportation, whereas for FCVs using hydrogen, carbon-free production, on-board storage, and distribution infrastructure as well as the associated significant costs are problems that are unlikely to be solved short-term [126] . In comparison, HEVs with their much smaller batteries (powered by the combustion engine) and clean combustion engines using, for example, reactivity-controlled low-temperature strategies, are seen as a highly competitive, (at least) mid-term alternative [126] .
Regarding one perspective of clean propulsion that could potentially circumvent some of the challenges discussed above, discussions include hydrogen-rich energy vectors such as, for example, ammonia [127] [128] [129] [130] [131] [132] . Briefly, among other options for a future hydrogen economy, ammonia -as a carbon-free small moleculerepresents a versatile chemical for flexible use as a fuel in internal combustion engines and fuel cells as well as a thermochemical working fluid as, e.g. in cooling or heating systems [127, 128, 130] . Similar to hydrogen, it can be produced from fossil sources, biomass, and (renewable) electricity. While its end use is CO 2 -free, its carbon signature depends on its production route [127, 128] . Towards its advantages count also well-established large-scale production, transportation, and storage infrastructures that make it attractive as a direct fuel or in mixtures with, for example, methane [131, 133] or hydrogen [134] , and as a (potentially on-board) hydrogen source [129, 130] . Intensified research is devoted to improving the efficient and economic thermal cracking of NH 3 to release hydrogen [129] , and to understand the combustion characteristics and reaction mechanisms of ammonia under practical conditions, as e.g. relevant for gas turbine combustors [131] . Challenges include the low burning velocity of NH 3 , its toxicity, and the formation of NO x from the nitrogen in the molecule, which can be controlled, however, with existing technology, also recognizing that NH 3 is a NO x reducing agent [127, 131] . Since ammonia also acts as a coolant, it can furthermore contribute to a favorable engine heat management and associated efficiency gains [127] . Combustion of ammonia has been described to be a potential option for power generation [133] as well as air transportation [132] , but its performance remains to be seen in comparison to existing technologies [135] .
Regarding future opportunities, it is useful to remember that combustion is one, but not the only, important building block in the energy transformation, and that large-scale economic, sustainable transportation has many facets -and not yet one preferable option -that should be considered [1, 15, 136] . Understanding the relevant chemistry is a cornerstone in the choice of fuels and energy storage media that may be useful for systems integration. Recent work on on-board fuel reforming [137] , on using IC engines in polygeneration processes for the production of higher-value chemicals [138, 139] , as an approach for energy conversion and storage [139, 140] , as well as on co-generation of power and syngas [141] might serve as indications for future opportunities.
It should not be neglected, however, that consumer behavior is another factor. Brunner et al. [142] have recently analyzed several urban transportation options, and one result of their study is given in Fig. 10 . Here, the equivalent fuel consumption per person in the vehicle is compared according to a calculated traffic weight indicator specified in the original paper [142] for a number of current ground transportation possibilities.
It comes to no surprise that human-powered transportation modes (pedestrian, bicycle) and sports utility vehicles (SUVs) are found at opposite ends of this performance evaluation. The authors note that electric scooters and light EVs count among the least fuel-consuming options for urban mobility, and can be competitive regarding this criterion with public transportation [142] . Nevertheless, any unnecessary mile driven, directly, i.e. by the consumer or indirectly, e.g. for transporting consumer goods, or any kilometer covered with an inadequate choice of vehicle increases the resulting global problems. Time for changes is short, as discussed by Anderson and Clapp [143] from a perspective of climate change. It cannot be overemphasized, that -as stated by the French President addressing the US congress on April 25, 2018 -"there is no Planet B" [144] . 
